Worldwide commercial interest in the production of cerium doped yttrium aluminium garnet (YAG:Ce) 
Introduction
Phosphors, essential for LED technologies, are used for converting the light emitted by a blue or UV chip into white light and with the most protection in terms of intellectual property. Phosphors are materials that generate lumines− cence. A phosphor is a chemical compound that will emit radiation (photons), when bombarded with an external ener− gy source (i.e., photons, electron beam), at longer wave− length than the excitation source. These types of materials, known in literature as inorganic phosphors, are actually var− ious types of oxides, garnets, (oxy)nitrides, (oxy)sulfides etc., doped with different transition metals or rare−earths that are able to emit light [1] . Rare−earth doped phosphors from A 3 B 2 C 3 O 12 class (B and C may be the same or differ− ent atoms) are synthetic materials with good chemical and thermal stability, especially optical and mechanical proper− ties, and they became extremely popular and have numerous applications in different fields, from cathode−ray tubes and solid−state laser, up to illumination light sources and bio− medical applications. The basis for the most phosphors used in white LEDs is the lattice of yttrium aluminium garnet (YAG, Y 3 Al 5 O 12 , where Y is in the dodecahedra sites (A), Al is in the octahedral sites (B) and tetrahedral sites (C) [2] [3] [4] .
White LEDs, based on blue LED chips (have been deve− loped since 1991, first time by Nichia Co.) coated with yel− low emitting phosphor were first reported in 1996, and Ce 3+ doped YAG phosphor, with the general formula: Ce:YAG has been available since 1960s, but the YAG:Ce is considered a cool phosphor, due to the lack of the red com− ponent [5] [6] [7] [8] [9] . In the last years, the research is turning to co−doping the YAG:Ce, in order to shift the emission spec− trum by partially substituting the Y or Al cations with differ− ent ions. By substituting Y 3+ with ions like rare−earth (lan− thanide: Tb 3+ , Gd 3+ , Dy 3+ , La 3+ , etc.) a red shift is intro− duced. On the contrary, by the substitution of Al 3+ with ions as Ga 3+ or In 3+ , a blue shift can occur in the cerium emis− sion. A secondary peak may appear in the red spectral range by co−doping ions that can act as a secondary luminescence source (Pr 3+ ). A phosphor such as YAG:Ce, Re (Re -rare earth ions) can be used for the development of white LEDs with improved optical properties. Also, an increase in the Ce 3+ concentration or by modifying the process parameters a slight red shift can be introduced [3, [10] [11] [12] [13] [14] [15] [16] .
In this review paper we present a summary of the most used methods for phosphor synthesis. We will present the phase analysis, elemental composition, morphology, mi− crostructure and optical properties of the garnet powders (YAG:Ce and YAG:Ce, Re).
Experimental section
The YAG:Ce and YAG:Ce, Re phosphors have been manu− factured using different routes in order to obtain a nano− structured material with a uniform distribution, high effi− ciency emission, and high crystallinity. Among the synthe− sis methods, the most widely spread there are: the solid state reaction, the sol−gel process and the (co)precipitation meth− ods. All studies aim at improving the luminescent properties of yellow phosphorus, by choosing a particular method of synthesis and/or modifying certain process parameters (dopant concentration, starting materials concentration/ report, reaction time, flux, sintering atmosphere and temperature, etc).
Solid-state reaction method for phosphor synthesis
The conventional synthesis route for manufacturing the YAG:Ce and YAG:Ce, Re phosphors is a solid state reac− tion using a mixture of oxides or carbonates as raw materi− als. [17, 26] .
The main steps in the manufacturing of pure YAG gar− net phase are preparation of the mixture of raw materials and synthesis at high temperatures. The raw materials selec− ted are weighted according to the stoichiometric ratio and mixed with a solvent in the planetary balling machine. The solvent is added into the samples to obtain homogeneous mixtures. Ethanol, acetone, 1,4-butanediol and diethylene glycol can be used as solvents in order to obtain homoge− neous mixtures [18, 32] . Then, the precursor powder is sin− tered at high temperature (over 1500°C) for long reaction times because of the refractory nature of the oxide precur− sors. The sintering process can be done in air, in H 2 / N 2 , CO, N 2 /CO atmosphere or combined (i.e.: first air and then re− ducing atmosphere). Different atmosphere can be used in order to change the defect structure of these crystals, to facilitate the transition from Ce 4+ to Ce 3+ [21, 24, 26, 30, 33] . The thermal treatment can be done at atmospheric pressure or under different values of pressure (i.e., 10 -3 Pa, vacuum condition). Fluxes such as NaOH, BaF 2 , H 3 BO 3 /BaF 2 /hexa− methylenetetramine, YF 3 , Li 2 CO 3 , NaF, NH 4 NO 3 , SiO 2 , etc., are added to obtain greater crystallinity and to decrease grain size at lower the sintering temperature [6, 21, [34] [35] [36] [37] . A Ce 3+ concentration of 0.01-10 mol% can be used. Most articles claim the co−dopant concentration should be maxi− mum half of the cerium concentration, but usually it is in the range of 0.03-0.1 mol%. Dopant and co−dopant concentra− tion influence the emission wavelength [18, 35] . In the end, the temperature was slowly reduced to room temperature and the cooled samples were pounded into a fine powder by using an agate mortar. Repeated sintering operations and milling are necessary during the process [23] . Milling and too higher temperature are sources of defects, i.e.: particles with a damaged surface, and light quality problems. Sinte− ring time can vary between 6 and 48 hours per each temper− ature treatment step [20] . The maximum sintering tempera− ture depends on time, pressure, atmosphere, intermediate steps, etc. Most common temperatures are usually between 1500°C and 1900°C. At higher sintering temperatures (over 1800°C) particle size increases beyond the desired nano− scale. Also some studies show that the starting oxides are present up to a specific temperature (i.e., Al 2 O 3 to 1600°C) [26, 38] .
(Co) precipitation method for phosphor synthesis
Another technique for YAG:Ce, Re and YAG:Ce, Re pow− der manufacturing with good technical results is the (co)pre− cipitation method which exhibits some advantages, such as low sintering temperature, high purity products, good ho− mogeneity and uniform distribution of particles, but the (co)precipitation processes are very complex and hard to control. The (co)precipitation method is based on a reaction between a solution of the main reactants (source for Y and Al), dopant/co−dopant in an acid solution and a precipitation agent with formation of a precipitate. After aging, centrifu− ging, filtering, washing, rinsing, drying and finally milling the precipitate is synthesized at elevated temperatures. [4, 36, 41] .
Thermal treatment starts with the dried precipitate at 120-150°C, for 10-15 h, and finishes with a sintering step at 1000-1800°C (usually 1000-1200°C), for 2-10 hours in air or different atmospheres (H 2 /N 2 , CO, O 2 ). By using an autoclave for precipitate producer (in hydrothermal condi− tions) solvothermal (co)precipitation method can be sped up. Some possible reactions, which may be involved in the (co)precipitation process for YAG:Ce and YAG:Ce, Re synthesis are presented below [23, 36, 39, [42] [43] [44] By accelerating the hydrolysis reaction, the pH incre− ases, a suspension was obtained and the formation of a pre− cipitate with empirical formula were reported: Y (3-x) Al 5 Ce x (OH) 24-2z It is important to keep a constant pH value, which can be done by adding the precipitation agent in excess or by con− trolling the dropwise time of the raw material solution over the precipitant solution. The variation in pH and the concen− tration of [NH 4 + ] and [CO 3 2-] influence the final product. In this case the purity of the obtained phosphor is higher when using NH 4 HCO 3 as a precipitating agent [4, 23, 38, 39] .
Sol-gel combustion method for phosphor synthesis
Another wet chemical process, the sol−gel method has pro− ven to be a viable alternative to the solid state process for obtaining YAG:Ce phosphor. In order to produce metal oxide nanoparticles, the sol−gel combustion method is based on the formation of a concentrated colloidal sol oxide and converting it to a gel (after hydrolysis and condensation). In the end, a thermal treatment is performed in order to obtain the phosphor powder. The use of the sol−gel combustion process for YAG:Ce and YAG:Ce, Re synthesis has a num− ber of technological advantages (easier composition con− trol, good mixing of the raw materials, better homogeneity, relatively low sintering temperature, lower manufacturing time, a product with fewer defects and more benefits − high purity, fine powders) and economic benefits (cheaper than solid−state or (co)precipitation methods). By controlling the process parameters, it is easier to control the properties of the product. The particle size of the powder can be con− trolled by changing the concentration of the sols, the tem− perature or time for gelation, drying, (pre)sintering. For YAG:Ce and YAG:Ce, Re powder, manufacturing the sol− −gel combustion method follows these general steps: dis− solving raw materials, stirring, adding the chelating agents, stirring, aging and thermal steps. Dissolving and mixing the raw materials for hydrolysis and condensation of molecular precursors and sol formation followed by gelation: the gel is prepared using oxides [23, 28, [45] [46] [47] [48] [49] [50] [51] . In these steps, the most important parameters are: temperature, time of stirring, pH, the ratio between the complexing agent and the metal cations, and the presence of additives (glycerin, ethanol, polyethylene glycol, citric acid, etc.) [23, 29] . The process is carried out at a temperature of about 60-80°C, for 3-12 hours, under a rigorous control of pH ( optimum 2-5) so as to form an oxide gel and prevent the precipitation [23, [45] [46] . At pH < 2 the ionization of the complexing agent, is inhibited, while at pH ³ 5, YAM and YAP simulta− neously occur or a precipitate is observed, thus the emissive properties are affected as a result of a non−uniform distribu− tion of Y and Al ions and blocking of the emissive centre due to impurity from YAG lattice. The optimal molar ratio of complexing agent/metal ions can be 1-2. At a ratio > 1 the agent has a double function, that of complexing agent and fuel, and it provides the necessary energy for the com− bustion step and the phosphor obtained has superior lumi− nescence properties. At a molar ratio of complexing agent/ metal ions < 1 some Y or Ce ions remain in solution, at ratio ³ 3 it may induce the impurities in the lattice and particle size increases. In the condensation reaction the gel is formed if the temperature and pH are constant during the several hours of stirring. After that the gel can be transformed into a xerogel by slow evaporation at temperatures of about 100-150°C, during a time which can be from 10 hours to 10 days. In the drying step elimination of toxic gases is possible due to the decomposition of nitrates [29, 48] . As in the solid state process, the thermal treatment is a decisive stage. Pyrolysis of organic compounds and calci− nations occur during the thermal treatment. Pre−sintering occurs at 200-600°C, for 5 to 10 hours. In the pre−sintering step, decomposition of the nitrates starts at about 200°C, at 350°C the carbonates and finally resulting in a total elimina− tion of organic compounds from the system. After an inter− mediate grinding the YAG:Ce, Re powders were sintered at 1000-1300°C for 10 to 18 h. The thermal treatment can be performed in different types of atmosphere (static, inert, oxidative or reductive), but in order to prevent the oxidation of Ce 3+ a weak reduction atmosphere is recommended. Bel− low some possible reaction underlying the sol−gel process for YAG:Ce and YAG:Ce, Re synthesis is presented [48, 52] 2 The citrate sol−gel process is based on the formation of polychelates between metal ions and C=O from citric acid, and they may be followed by their polyesterification with a polyalchool (i.e. ethylene glycol). 
In the combustion step, salts can act as an oxidant and the complexing agent as a reductant [48] .
The advantages of using the sol−gel method for obtain− ing phosphorus derived from an exact composition, the mo− lecular level mixing and the lower crystallization tempera− ture, but the method requires long process times [29] .
Results and discussion
Optical properties of phosphors are determined by phase transition from amorphous to crystalline, lattice constant, purity of the final product, morphology and micro− structure. Table 1 . Any peaks in the spectral range from 4000 to 900 cm -1 suggest the presence of impurities located to the particle surface and/or an incomplete sintering process (Table 2) 
Fourier transform infrared (FTIR) spectrometry

X-ray diffraction (XRD)
The crystal structures, crystallite size, lattice parameter, strain, as well as phase purity of YAG:Ce and YAG:Ce, Re nanocrystalline powder can be characterized by X−ray pow− der diffraction (XRD). At sintering temperatures below 900°C, the XRD shows an amorphous compound, while at higher temperatures the crystalline phases appear [a typical X−ray diffraction profiles of pure garnet phase are presented by V. Schiopu, et al. in Ref. 53 and an index for all single lines are presented in Table 3 (JCPDS 01-082-0575)]. [53] All diffraction peaks correspond to pure YAG, indicating the insertion of the (co)doping ions in the YAG host lattice, without changing the initial structure. The XRD pattern of YAG:Ce and YAG:Ce, Re reveals a cubic garnet structure, polycrystalline, with the main peak centred at 2q = 33.41°a nd it may be attributed to (420) Miller indices. [6, 18, 20, 25, 63] .
The YAG crystal structure has a 160 atom body−centred cubic (bcc) unit cell, with 80 atoms in primitive cell, and Ia-3d (230) The presence of Ce [Ce 3+ ion substitute a Y 3+ from 24(c) with local D 2 symmetry] or co−dopants (Re 3+ ) does not dis− turb the crystalline structure of the samples, but certainly does modify the lattice parameters due to the difference in the ionic radii between the dopants and the substituted ions, it is not necessary to compensate the ionic charge for Ce or co−dopants. By co−doping with rare earth it is possible to change the symmetry. Ionic radii for Y 3+ (VIII coordina− tion) 1.019 A°, Al 3+ (IV coordination) 0.39A°and (VI coor− dination) 0.535 A°, dopants: Ce 3+ (VIII coordination) 1.143 A°, Pr 3+ (VIII coordination) 1.126 A°, Eu 3+ (VIII coordina− tion) 1.066 A°, Gd 3+ (VIII coordination) 1.053A°, Tb 3+ (VIII coordination) 1.04A°, Ga 3+ (IV coordination) 0.47A°a nd (VI coordination) 0.62 A°, etc. [25, [66] [67] [68] [69] .
The following formula can be used to calculate the lat− tice parameter: sin 2 q = l 2 (h 2 + k 2 + l 2 )/4a 2 , where q is the diffraction angle, l is the X−ray wavelength, (hkl) are Miller indices, a is the lattice parameter [30, 70] . Compared to YAG the lat− tice constant increases in YAG:Ce and YAG:Ce, Re. Also, the lattice parameters are determined by process conditions, for example: in the sol−gel process, the increase of the sintering time may cause a decrease in lattice constant, while the same powder obtained by sintering in different medium may have different lattice parameters. In air, the lattice constants are less than in a reducing atmosphere, also increasing the temperature the lattice parameter increases. This variation can be explained by partial or total transfor− mation of Ce 3+ into Ce 4+ . In these situations, a blue−shift in the spectra may occur due to the changes of the unit cell, due to a modification of the crystal field around Ce 3+ [ionic radii Ce 4+ (0.97A°) < Ce 3+ (1.143 A°)]. The luminescence proper− ties of garnet phosphors are determined by the change of the lattice constant [13, 26, 47, 71] .
Average crystallite size of the YAG:Ce and YAG:Ce, Re powders, obtained by the methods presented above, was reported to be 20-100 nm (estimated using Scherrer's equa− tion, Dhkl=kl/bcosq, where D is the average grain size, k is the dimensionless shape factor -Scherrer's constant, l is the X−ray wavelength, b is the full width at half maximum intensity (FWHM) -expressed in radians, q is the Bragg dif− fraction angle) [23, 27, 36, 48] .
Energy dispersive X-ray spectroscopy (EDX)
The elemental composition of the YAG:Ce and YAG:Ce, Re phosphor can be examined by Energy dispersive X−ray spectroscopy (EDX). In the YAG:Ce phosphor spectra, there can be seen peaks attributable to: O(K) at 0. 
Scanning electron microscopy (SEM)
The scanning electron microscope (SEM) can be used to examine the morphology and the microstructure of the YAG:Ce powder. The morphology of the phosphor parti− cles is one of the properties that influence the light conver− sion efficiency. The YAG:Ce and YAG:Ce, Re powders are predominantly crystallites with the estimated average size from 40-100 nm to several microns. The phosphor particles size slightly increases with the sintering temperature and reaction time. Also, significant changes of the particle shape appear at a temperature above 1100-1400°C. Large parti− cles require thicker layers producing more light scattering. 
Fluorescence (PL) spectroscopy
YAG is an insulator material in which, by adding dopant, new acceptor/donor levels appear, thus materials are created with optical properties based on the electron transitions be− tween these energy levels. The emission spectrum of YAG:Ce and YAG:Ce, Re may be recorded under the excitation wavelength of 450-470 nm, and consists of a single band located between 520-550 nm, for YAG:Ce and 550-570 nm, for YAG:Ce, Re and which may be attributed to the electron transition from the 5d level lowest crystal splitting component to the ground state (4f) of Ce 3+ . The 5d ® 4f emission of the Ce is influenced by the crystal field and it is sensible to the crystallographic envi− ronment, that determines the red or blue shift. In Table 4 emission wavelength and lattice parameters for some type of phosphors used in white LED manufacturing process are presented [3, 13, 27, 29] .
By comparing with a reference light source with similar colour temperature, the CRI (colour−rendering index) para− meter indicates how well a light source renders colours. CRI scale 0-100. CRI is influenced and improved by emission light from the LED chips and from the yellow phosphors. One of the problems of YAG:Ce refers to the poor CRI (about 60-70) due to the lack of a red spectral component, but by co−doping it has managed a slight increase in CRI > 80. A white LED with a CRI = 93 was obtained by using a powder mixture between a YAG:Ce and red−emit− ting CaSiAlN 3 :Eu 2+ . Optical properties of white LEDs ba− sed on YAG:Ce or YAG:Ce,Re phosphors are presented in Table 5 [4, 6, 13, 14, 22, 30, 41, 58, [74] [75] [76] .
By careful control of the chemical composition of the garnet phosphor type, the emission can be tuned in order to improve CRI. Substituting the Y 3+ or Al 3+ introduces a red (to a longer wavelength) or blue (to a shorter wavelength) [13] ). With increasing of the Re 3+ concentration, a decrease in the Ce and Re (where Re is a secondary light centre, i.e.: Pr) emission appears as a result of structural change and energy transfer from Ce 3+ to Re 3+ . Also, by increasing the Ce 3+ concentration (from 1 to 15 mol% of Y 3+ ) introduces a red shift, from 515 nm until 550 nm. Emission intensity de− creases with the increase of the Ce 3+ concentration, and the shape of the emission spectra does not change. A possible explanation for this may be Ce-Ce interactions, as a result of changes in the unit cell parameters. The maximum shift was found to appear for 5-6 mol%. As well, by varying the synthesis parameters, a shorter shift can be induced. Incre− asing the sintering temperature and some flux (i.e.: NH 4 Cl, H 3 BO 3 or Li 2 CO 3 ) leads to a blue shift in the spectra (about 5-10 nm), which shows a shift from 2200 cm -1 to a lower energy level and changes in a crystal field around Ce 3+ . A red shift may be induced by using sintering under differ− ent atmospheres. The CO favours the Ce 4+ ® Ce 3+ and the insertion in the YAG lattice. In air, Ce 3+ is oxidized in CeO 2 and decreases the emission intensity [10, 11, [13] [14] [15] 27, 29, 51, 57] .
By co−doping, a lattice distortion is produced leading to a higher covalence and the energy difference between the excited and the ground state gets smaller. Rare earth ions, Re 3+ may induce changes in the YAG:Ce photolumines− cence spectra by shifting the peak from 525-530 nm to a longer wavelength, at about 550-570 nm, but they also may produce a decrease of the emission intensity by incre− asing the concentration of Re 3+ . The red shift can be explai− ned by the increase of the d−d orbital splitting, as a result of substituting Y 3+ with Re 3+ , when around Ce 3+ ions the crys− tal field becomes strong. But, at a higher Re 3+ concentration (when b ³ 0.8) the crystal field gets soft, after increasing the 5d level by crystal splitting of Ce 3+ , and favours the forma− tion of YAP or other perovskite structure. The decrease in the emission intensity can be explained by perturbating the structure (lattice distortion), a possible competition between Ce ions and Re ions and energy transfer between lu− minescence ions [10, 15, 18, 30, 41, 69] .
Opto−Electron. Rev., 23, no. 4, 2015 V. Tucureanu 247 The emission intensity is influenced by the sintering tem− perature and other process parameters (i.e.: raw material con− centration). The spectra show a direct correlation between the sintering temperature and brightness [26, 77] . Emission wa− velength is not influenced by the sintering temperature, but the emission intensity is proportional to the temperature vari− ation in case of all the processes. With the increase of temper− ature, the intensity of emission increases too from no emis− sion (at a temperature below 900°C) to a strong intensity (at a temperatures higher than 1000-1500°C). At lower temper− atures the Ce 4+ ® Ce 3+ transition may be incomplete, or Ce 3+ cannot enter totally in the YAG lattice -in this case, Ce 3+ ions can be present on the surface. Higher temperatures of synthesis increase the solubility of dopant ions in the YAG crystal lattice, thus leading to a larger number of ions active in the luminescence process [26, 48, 57] . Thus, the emission intensity may improve by increasing the homogeneous distri− bution of Ce 3+ ions in YAG.
The emission intensity may be improved by using the fluxes in the sintering steps, due to the improvement of YAG crystallization processes and the stabilization of triva− lent ions in YAG lattice at high temperature [26, 47] . This shows the influence of particle size due to the increased crystalline area and light emitting region with increasing particle size. An increase of the brightness and improve− ment of the resolution have been observed while using spherically shaped phosphors due to lower scattering and higher packing densities. Defects on the particles surface could affect the luminescent properties. Increasing the con− centration of co−doped ions, above a certain limit, can lead to the red shift while the emission intensity decreases [27] . Some types of co−dopant ions (i.e.: Dy 3+ ) lead to a sharp decrease in emission intensity [14] .
It can be said that the variation of emission intensity is solid state > sol−gel > co(precipitation), under CO flow at 1500°C/10 h and sol−gel > co(precipitation) > solid state, under CO flow at 1000°C/5 h, due to the variation of parti− cle size and morphology [23, 26] .
All the synthesis steps determine the wavelength and emission intensity. It was found an increasing of the emission intensity from the powder obtained by the solid state reaction, up to (co)precipitation and the highest intensity appears in the phosphors obtained by sol−gel methods [23] . It has been ob− served that scattering effects are less important if compared to the emission yield of the phosphor [26] . YAG:Ce and YAG:Ce, Re phosphor showed high photoluminescence quantum yield efficiency (QY) of above 35-70% upon 450-470 nm excitation. The solid state is used to manufac− ture the commercial YAG:Ce powder (Phosphor Tech) with the best QY (about 90%) [43] .
Conclusions
Yttrium aluminium garnet (YAG) is an A 3 B 2 C 3 O 12 class insu− lator material, in which new acceptor/donor levels appear by adding dopants. Thus, materials are created with optical prop− erties suitable for the manufacturing of white light emitting de− vices. Since 1996, when YAG:Ce was reported in white LEDs technology for the first time, some problems (i.e: the lack of the red component) have been observed and scientists who have tried to solve them by choosing different methods of syn− thesis, by parameters variation of the process, etc. This article has provided an overview of the most important synthesis methods and characteristic parameters of the garnet phosphors powders. The solid−state reaction is the most commonly used method, the most controversial but the most efficient one to obtain phosphors at industrial level for optoelectronic applica− tions. The main problems for solid−state technology are higher sintering temperatures (usually 1500-1900°C) and intermedi− ate milling steps that lead to defects and to production price in− crease. By introducing wet methods, such as (co)precipitation and sol−gel, a number of advantages in technical and economic terms, at a research scale have been achieved, but they are dif− ficult to use at an industrial scale. The main advantage of these methods is the sintering temperature (usually 1000-1200°C) that is lower than in the solid−state process. In this review we present the phase analysis with FTIR spectrometry, X−ray dif− fraction and energy dispersive X−ray spectroscopy. The phos− phor FTIR spectra demonstrate the transition from the amor− phous phase to the crystalline one of YAG, showing only the peaks below 900 cm -1 , also the diffraction pattern of phos− phors confirms the amorphous phase below 900°C, coexis− tence of intermediate stages in case of incomplete thermal pro− cesses, phases that affect the luminescence properties. For a complete process the phosphor XRD spectrum reveal a pure garnet phase having a crystal structure with 160 atom body− −centred cubic (bcc) unit cell, 80 atoms in primitive cell, and Ia−3d (230) space group. EDX analysis shows the elementary composition. The SEM data confirm the desired spherical shape with smooth surfaces at nanoscale. Also, by SEM the undesired agglomeration tendency may be observed. Finally, it was shown that the optical properties were determined by the synthesis method, reaction conditions (from raw materials ratio up to the sintering temperature), the purity of the product, the crystal structures, lattice parameter crystallite size, surface morphology, the LED chips, and so on. Also, for improving the optical properties, a shift may be introduced in the spec− trum by substituting Y 3+ or Al 3+ for a co−dopant (YAG:Ce, Re), by adding ions as secondary sources and varying the Ce 3+ concentration and other process parameters. Generally, the ex− citation spectra for the YAG:Ce powders reveal three bands at about 230, 340 and 450-70 nm and the emission spectra con− sists of a single band located between 520-550 nm. By a care− ful control of the garnet phosphor chemical composition the emission can be tuned and by substituting the Y 3+ or Al 3+ a red or blue shift may be introduced.
